AP Chemistry Ch 19 The Nucleus 


e Review 


o The nucleus of an atom can be divided into protons and neutrons (collectively 


referred to as nucleons). The number of protons is the atomic number (Z) of an 
element, and the sum of the neutrons and protons is the mass number (A) of an 


element. Chemical symbol 
Atoms that have identical atomic numbers but 
different mass numbers are called isotopes. i A 

We usually do not say “isotope” as the singular X 


“a ” . i Atomic number= 
forms of “isotopes”—instead, we say nuclide. A eros / 


nuclide is a unique atom, represented by the 
symbol to the right. N = neutron number 


Nuclear stability and radioactive decay 
o Nuclear stability can be considered from both a kinetic and thermodynamic point 


of view. 
= Thermodynamic stability refers to the potential energy of a particular 
nucleus as compared with the sum of the potential energies of its 
component protons and neutrons. 
= Kinetic stability describes the probability that a nucleus will undergo 
decomposition to form a different nucleus (a process called radioactive 
decay). 


Radioactive Decay of !4C 


o Many nuclei are radioactive—they 


decompose to form another pate => L to to 
nucleus and produce one or more Beta decay 
particles. An example is the decay me 14N electron antineutrino 
of carbon-14, which decays through 
beta emission. @ Protons 
It is instructive to examine how the 

@ Neutrons 


numbers of neutrons and protons in 
a nucleus are related to its stability with respect to radioactive decay. 
= The graph to the right shows a plot of the positions of the stable nuclei as 
a function of the number of 
protons, Z, and the number of ii alpha emitters 
neutrons, N = A-Z. The stable 
nuclides are in the zone of - + Stable nuclides 
stability (“valley of stability”). Unstable nuclides lie 
= All nuclides with 84 or more 
protons are unstable with respect 
to radioactive decay. 
= Light nuclides are stable when Z 
equals A-Z (when the neutron-to- 
proton ratio is 1). Heavy nuclei 
require a greater neutron-to- 
proton ratio. 
= Certain proton/neutron 
combinations seem to confer 
special stability. For example, 


fs emitters 
~ 


Valley of stability, 
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no 
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nuclides with even numbers of protons and neutrons are more often stable 
than those with odd numbers. 

= There are also certain specific numbers of protons or neutrons that 
produce especially stable nuclides. These magic numbers are 2, 8, 20, 
28, 50, 82, and 126. 


A Summary of Radioactive Decay Processes 


Change in Change in Change in 

Atomic Mass Neutron 
Process Symbol Number Number Number 
a emission *He or a -2 —4 -2 
B emission Je orp” +1 0 =1 
y emission oy or Y 0 0 0 
Positron emission fg or B* =1 0 +1 
Electron capture E. C. -1 0 +1 


o Types of radioactive decay 
= Alpha-particle production is 
the emission of alpha particles Parent nucleus & ¿He 
from a nucleus. An alpha 


Alpha Decay of a Uranium-238 nucleus 


emitted o. particle 


particle is a helium nucleus. Kay 
a-particle production is a very ane 
common mode of decay for 
heavy radioactive nuclides. 

= Beta-particle production is 
the most common decay Betamius Desay 
process in which the mass PEEN a 
number of the decaying nucleus g Anie Feoi 
remains constant. The beta og = + © + © 
particle (B) is assigned the 


mass number 0. Because the Mitac a oor 


value of Z is -1 for the B 
particle, the atomic number for the new nuclide is greater by 1 than for the 
original nuclide. The net effect of beta particle production is to change a 
neutron to a proton. We therefore expect nuclides that lie above the zone 
of stability to be B-particle producers. 

= Gamma-ray production is the emission of high-energy photons, or 
gamma rays. y-ray production accompanies nuclear decays and particle 
reactions. The emission of gamma rays is one way a nuclear with excess 
energy (in an excited nuclear state) can relax to its ground state. 

= Positron production occurs for nuclides that are below the zone of 
stability. The position is the antimatter counterpart of the electron; both 
particles have the same mass, but their charges are opposite. (They also 
annhilate each other to produce two gamma rays upon collision.) While 


Carbon-11 Boron-11 
Electron Neutrino 
+ 6 =» + © 
6 protons 5 protons 


5 neutrons 6 neutrons 


beta-particle production changes a neutron to a proton, positron 
production changes a proton to a neutron. 

= Electron capture is a process in which one of the inner-orbtial electrons 
is captured by the nucleus. 

« Spontaneous fission is the splitting of a heavy nuclide into two lighter 
nuclides with similar mass numbers. 


Exercise 1 Nuclear Equations l 
Write the balanced equations for each of the following processes. 
a) Carbon-11 produces a positron. 


b) Bismuth-214 produces a B particle. 


c) Neptunium-237 produces an a particle. 


Exercise 2 Nuclear Equations II 
In each of the following nuclear reactions, supply the missing particle. 


a) PAUt? >> Pt 


b) 8K > Ar+? 


o Often, a radioactive nucleus cannot reach a stable state through a single decay 
process. In such a case, a decay series occurs until a stable nuclide is formed. 
Ex. U-238 


~~} beta decay 


Atomic Number 


—>» alpha decay 
— » halo-producing 
alpha decay 


main alpha- 
decaying atoms 


124 126 128 13 132 134 136 138 140 142 i44 146 
Neutron Number 


e The kinetics of radioactive decay 

o The rate of decay for a radioactive nuclide is the negative change in the 
number of nuclides per unit time, which is directly proportional to the number of 
nuclides N in a given sample. We can insert a proportionality constant, k, to give 
the expression 

Rate = -AN = kN 
At 
This is the rate law for a first-order process. The integrated first-order rate law is 
In(N/No) = -kt 
Where No represents the original number of nuclides (at t = 0) and N represents 
the number of nuclides remaining at time t. 

o The half-life (t12) of a radioactive decay process is defined as the time required 
for the number of nuclides to reach half the original value. We can use this 
defintion to produce the following expression for tiz: 

ti = In(2)/k = 0.693/k 
Thus, if the half-lifeof a radioactive nuclide is known, the rate constant can be 
easily calculated, and vice-versa. 


Exercise 3 Kinetics of Nuclear Decay l 

Technetium-99m is used to form pictures of internal organs in the body and is often used to 
assess heart damage. The m for this nuclide indicates an excited nuclear state that decays to 
the ground state by gamma emission. The rate constant for decay of technetium-99m is 
known to be 1.16 x 107/h. What is the half-life of this nuclide? 


Exercise 4 


Kinetics of Nuclear Decay II 


The half-life of molybdenum-99 is 66.0 h. How much of a 1.000 mg sample of molybdenum-99 
is left after 330 h? 


e Nuclear transformations 
o Nuclear transformation is the change of one element into another. For 


example, a-bombardment of nitrogen-14 produces oxygen-17 and a proton. 


aN ane > 1O + 7H 


o Nuclear transformation can be carried out through bombardment (ex. neutrons, a 


or B particles, etc.). The heaviest known element is uranium; elements with 
atomic numbers greater than 92 are called the transuranium elements, and can 
be synthesized. These elements tend to have short half-lives. 


e Thermodynamic stability of the nucleus 
o We can determine the thermodynamic stability of a nucleus by calculating the 


change in potential energy that would occur if that nucleus were formed from its 
constituent protons and neutrons. This potential energy change is determined by 
calculating the mass defect, which is the difference in mass between the sum of 
protons and neutrons in the nucleus, and the actual mass of the nucleus (mass 
defect = expected - actual). The actual energy change is then determined using 
a modified form of Einstein’s equation, AE = Amc? (note: if you are calculating 
the energy change for one mole, make sure to convert the mass defect to 
g/mole instead of g/atom). 

= Ex. Oxygen-16 contains 8 protons and 8 neutrons. 


The mass of each neutron is 1.67493 x 104 g, and the mass of each 
proton is 1.67262 x 1074 g. The expected mass of the oxygen-16 nucleus 
is then 

8(1.67493 x 1074 g ) + 8(1.67262 x 10% g) = 2.67804 x 10°? g. 


The actual mass of an oxygen-16 nucleus is 2.65535 x 10” g. 


The mass defect is therefore -2.269 x 10” g. 


Exercise 5 


Nuclear Binding Energy 


Calculate the change in energy if 1 mole of oxygen-16 nuclei was formed from neutrons and 


protons. 
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e Nuclear fission and nuclear fusion 
o Energy is released when a process goes from a less stable state to a more stable 
state. The higher a nuclide is on the curve above, the more stable it is. This 
means that two types of nuclear processes will be exothermic. 
« Fission: splitting a heavy nucleus into two nuclei with smaller mass 
numbers. Often “jump-started” through neutron bombardment. 
= Fusion: combining two light nuclei to form a heavier, more stable nucleus 


